Viewing angle control of a vertical alignment (VA) 
Introduction
In the LCD market, wide viewing angle and fast response time are required for high performances of LCDs, such as notebooks, monitors and LC televisions [1] . However, in the portable displays such as a notebook computer, mobile phones, PDAs and tablet PCs, privacy protection on an individual hold becomes an important issue. For this purpose, the LCDs with narrow viewing angle are required. On the other hand, there is a situation looking on the LCDs with a number of people. In this case, the LCDs should exhibit a wide viewing angle. Therefore, unlike conventional LCDs exhibiting either only wide or narrow viewing angle, new type of the LCDs in which the viewing angle control is possible is required [2] [3] [4] . Patterned VA mode has a high contrast ratio (CR) in front [5] . In order to have a high CR in all directions, film compensation with the negative C-plate and positive A-plate as shown Fig. 1 is required [6, 7] . Here, the positive A-plate can be replaced by electrically controllable birefringence cell and by controlling the birefringence of this cell, viewing angle can be switched [8, 9] . However, this approach increases total cell thickness, which is unwanted in the slim displays.
In this paper, we propose a new structure of viewing angle control LCD with one panel of PVA-mode, in which its pixel electrode is patterned to give different field directions. Before applying voltage to the viewing angle control pixel, the device shows wide viewing angle like in the conventional PVA mode, however, when the voltage is applied properly to the viewing angle control pixel, the device becomes a narrow viewing angle. 
Cell Structure for Viewing Angle Switching
In the VA mode, the transmittance is proportional to sin 2 2Ψsin 2 πdΔn(θ,Φ,V)/λ, where Ψ is an angle between polarizer and LC director, dΔn is a voltage and viewingangle dependent cell retardation value, and λ is an incident wavelength. Figure 2 shows LC director direction in applied voltage and electrode structure of controllable viewing angle PVA-LCD. Controllable viewing angle LCD is divided by main pixel for image expression and the extra pixel for viewing angle control. Here, two pixels are controlled by one data line and two gate lines. In the main pixel, the LC director tilts downward in four directions making 45 o with respect to the crossed polarizers due to patterned electrodes in diagonal directions, giving rise to transmission. In the extra pixel, the LC director tilts down in vertical directions due to horizontally patterned electrodes such that there is no angle of Ψ. Therefore, in the extra pixel, although the LC director tilts down, the transmittance is not generated; however, the degree of tilt angle can be controlled by an applied voltage. green, and blue color filter and the extra pixel has only a transparent resin. With this structure, the wide-viewingangle of PVA mode can be achieved as in the normal PVA cell. To achieve a narrow viewing angle for image protection, the LC director in the extra pixel tilts down but the degree of tilting can be adjustable along the pixels. In this way, when the LC tilts down, the image quality at normal direction is not changed but due to tilted LC, the light leakage in oblique viewing directions is generated due to mismatch of retardation between the LC and the compensation film. Using this light leakage, any type of information such as characters and image can be generated. This generates extra image over a main image in oblique viewing directions, that is, the original image is overlapped with made image when the voltage is controlled to the extra pixel for viewing angle control. The first proposed structure has a disadvantage in number of gate lines, that is, twice of the conventional PVA mode. In addition, some of the LC director in the extra pixel does not tilt down in vertical direction, perfectly, causing light leakage even at normal directions, which deteriorates image quality event at normal directions. Therefore, we proposed second structure with four subpixels in which each corresponds to red, green, blue, and white, as shown in Fig. 4 . In this structure, the image quality at normal direction even in the narrow viewing angle mode is almost the same as in the wide viewing angle mode. The reason is that light leakage is not generated in the edge of the viewing angle control pixel as long as it is turned off. In addition, only one extra data line is required. 
3.
Results and Discussion Figure 5 shows light leakage of the controllable viewing angle PVA-LCD at dark state in the narrow viewing angle mode and wide viewing angle mode. Light leakage is generated in the edge of the viewing angle control pixel, and gate and data lines, as shown in Fig. 5(a) . The reason is that the tilting direction of LC director mismatches with axes of the crossed polarizers because the field directions between common and pixel electrode of the viewing angle control pixel are not perfectly in vertical directions at the edge of pixel and besides they are affected by near gate and data line. However, light leakage is not generated when the voltage is not applied to the viewing angle control pixel, as shown in Figure 5(b) . In dark state, when light leakage is generated, contrast ratio decreases greatly in normal direction. Consequently, optimal design of black matrix (BM) to remove light leakage is absolutely required to achieve a high contrast ratio at normal direction. Figure 6 shows dark state and white state of the controllable viewing angle PVA-LCD using BM in both narrow viewing angle mode and wide viewing angle mode. Both narrow viewing angle mode and wide viewing angle mode show same transmittance distribution because using BM covers over light leakage of the Figure 5(a) . Both narrow viewing angle mode and wide viewing angle obtain a perfect dark state, as shown in Fig. 6(a) . For white state, the transmittance occurs only in the main pixel, as shown in Fig. 6(b) . It refers from early part that in the extra pixel, the LC director tilts down in vertical directions due to horizontally patterned electrodes such that there is no angle of Ψ. Therefore, in the extra pixel, although the LC director tilts down, the transmittance is not generated. Finally, the iso-contrast ratio in wide and narrow viewing angle mode in the cell structure such as Fig. 2 is calculated, as shown in Fig. 7 . Considering a dark state, a light leakage is well controlled in a wide viewing angle mode but the light leakage does occur except for normal direction in a narrow viewing angle mode. Consequently, the high CR is achieved in all viewing directions in the wide viewing angle mode whereas the region in which the CR is only 20 exists at 40 o of polar angle at left and right directions in the narrow viewing angle mode. However, the CR in narrow viewing angle mode is still high in vertical direction. Accordingly, we need to control viewing angle with made letters or images when the voltage is controlled to the extra pixel for narrow viewing angle mode, in order to protect a main image at normal direction. The narrow CR even in vertical direction could also be achieved if the extra pixel has a four domain structure such that the LC director tilts down in both horizontal and vertical directions. However, the issue is that the Ψ should be zero in any structures, in order not to deteriorate a displayed image at normal direction. 
Summary
We propose a new structure of viewing angle control LCD with one panel of PVA-mode. The device has the two advantages for the function of viewing angle controlling and a simple structure in comparison with another viewing switching LCD. Consequently, this device has advantage selecting the alternative of wide viewing angle mode or narrow viewing angle mode according to the person's environment of private business and purpose. So this device will be influential LC mode about privacy protective LCD in the competitive personal display market.
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